Short nucleotide sequence analysis of seven restriction fragments of murine herpesvirus 68 (MHV-68) DNA has been undertaken and used to determine the overall genome organization and relatedness of this virus to other well characterized representatives of the alpha-, beta-and gammaherpesvirus subgroups. Nine genes have been identified which encode amino acid sequences with greater similarity to proteins of the gammaherpesvirus Epstein-Barr virus (EBV) than to the homologous products of the alphaherpesviruses varicella-zoster virus and herpes simples virus type 1 or the betaherpesvirus human cytomegalovirus. In addition, the genome organization of MHV-68 is shown to have an overall collinearity with that of the gammaherpesviruses EBV and herpesvirus saimiri. In common with these viruses, dinucleotide frequency analysis of MHV-68 coding sequences reveals a marked reduction in CpG dinucleotide frequency thus implicating a dividing cell population as the site of latency in vivo.
Introduction
The herpesvirus family is divided into three major subgroups, the alpha-, beta-and gammaherpesviruses, based upon differences in the growth characteristics of the viruses in vitro and in the nature of those tissues involved during both acute and latent infection in vivo (Roizman, 1982; Honess & Watson, 1977; Honess, 1984; Minson, 1989) .
Genomic sequences have been completed for the lymphotropic gammaherpesvirus Epstein-Barr virus (EBV) (Baer et al., 1984) , the neurotropic alphaherpesviruses variceUa-zoster virus (VZV) (Davison & Scott, 1986 ) and herpes simplex virus type 1 (HSV-I) (McGeoch et al., 1988) and the betaherpesvirus human cytomegalovirus (HCMV) (Chee et al., 1989 a) . Comparisons of these sequences have allowed the identification of genes common to all these viruses as well as the recognition of genes specific to either a particular virus or virus subgroup. Of interest is the observation that the order and orientation of homologous genes is similar throughout the genomes of the alphaherpesviruses VZV and HSV (McGeoch et al., 1988; Davison & Wilkie, 1983; Davison & McGeoch, 1986) but that the arrangement of homologous genes in EBV (Baer et al., 1984; Davison & Taylor, 1987) and HCMV (Kouzarides et al., 1987; Chee et al., 1989a) is not preserved. Analyses of short nucleotide sequences of herpesvirus saimiri (HVS) have shown that this lymphotropic gammaherpesvirus has a genome organization similar to that of EBV 0000-9409 © 1990 SGM . Furthermore, unlike members of the alpha-and betaherpesvirus subgroups, the genomes of both the A + T-rich HVS and the G + C-rich EBV exhibit a marked decrease in the frequency of CpG dinucleotides, which is most likely a consequence of the establishment of latency within dividing cell populations by these gammaherpesviruses (Honess et al., 1989a) .
Such objective measures of the evolutionary relationship of individual members of the herpesvirus family support the classification of herpesviruses into the three recognized biological subgroups. As the biological properties of a virus are ultimately determined by its genetic content, it follows that the members of any one subgroup will be genetically related. However, the limitations of using subjective biological criteria for the classification of herpesviruses are best illustrated by considering Marek's disease virus of chickens (MDV) which for many years has been considered a lymphotropic or gammaherpesvirus. This virus exhibits some of the biological properties associated with members of the gammaherpesvirus subgroup. It is associated with lymphomas in chickens (Payne, 1982) from which cell lines harbouring multiple copies of methylated virus DNA can be established (Hirai et al., 1981 ). Yet in terms of both gene content and organization, MDV and its close relative the herpesvirus of turkeys (HVT), are evolutionarily related to the neurotropic alphaherpesviruses HSV and VZV (Buckmaster et al., 1988) . From these data one can conclude either that important aspects of the biology of MDV have been overlooked, or that.
evolutionarily related members of the herpesvirus family can have diverse biological properties. In favour of the former argument is the observation that the genomes of both MDV and HVT exhibit no deficiencies in the frequency ofCpG dinucleotides, thus raising doubts as to the epidemiological significance of methylated virus DNA found within transformed lymphocytes (Honess et al., 1989a) . Thus, the nature of lymphotropism with respect to herpesvirus biology and classification requires further study. Such a view is supported by studies on human herpesvirus 6 (HHV-6) which is known to infect T lymphocytes lytically but which is genetically related to the betaherpesvirus HCMV (Efstathiou et al., 1988; Lawrence et al., 1989) and exhibits no suppression of CpG dinucleotides (Lawrence et al., 1989) . The suppression of CpG dinucleotides within a herpesvirus genome, which is the likely consequence of the mutagenic effect of methylation during latency within a dividing cell population (Honess et al., 1989a) , may therefore be a common feature of gammaherpesviruses and reflect a key feature of the biology of this subgroup.
Murine herpesvirus 68 (MHV-68) is a naturally occurring herpesvirus of small free-living rodents (Blaskovic et al., 1980; Ciampor et al., 1981 ; Svobodova et al., 1982b; Mistrikova & Blaskovic, 1985) . The MHV-68 genome consists of 118 kbp of unique sequence DNA bounded by variable copies of a 1-23 kb repeat (Efstathiou et al., 1990) , a structure similar to the genomes of members of the lymphotropic V2 herpesvirus subgroup of which the best studied member is HVS (Fleckenstein & Desrosiers, 1982) . In order to determine the genetic relatedness of MHV-68 to well characterized representative members of the alpha., beta-and gammaherpesvirus subgroups, we present in this report an analysis of short nucleotide sequences from cloned virus restriction fragments distributed across the unique region of the virus genome. The gene organization of MHV-68 is shown to be colinear with that of the gammaherpesviruses EBV and HVS. In addition, dinucleotide frequency analysis of MHV-68 coding sequences has revealed a marked reduction in the frequency of CpG dinucleotides, a feature common to the lymphotropic gammaherpesviruses EBV and HVS which establish latent infections in dividing cell populations.
Methods
Recombinant plasmids and M13 subcloning. The cloned MHV-68 restriction fragments EcoRI-F, EcoRI-L, BamHI-C, BamHI-D, BamHI-E, BamHI-L and HindlII-G (Efstathiou et al., 1990) were chosen for nucleotide sequence analysis. For each clone, purified insert DNA was prepared from agarose gels using the phenol/freeze method (Tautz & Renz, 1983) . Purified inserts were digested with AluI and/or RsaI and gel-purified fragments of size 200 to 500 bp were ligated into SmaI-cut dephosphorylated bacteriophage M 13 mp 18 replicative form DNA.
DNA sequencing. Nucleotide sequences were determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) as described in Bankier & Barrell (1983) .
Dideoxy sequencing from single-stranded templates was performed with a 17-mer universal primer, with adenosine [35S]thiotriphosphate (Amersham) as a radioactive label and the products were fractionated on Tris-borate EDTA buffer-gradient polyacrylamide gels (Biggin et aL, 1983) .
Computer analysis of sequence data. Sequences of up to 312 nucleotides were determined for each M13 subclone. Open reading frames were identified and translated with the ANALYSEQ program package (Staden, 1986) . Amino acid sequences of open reading frames greater than 100 nucleotides were compared with a library of translated open reading frames derived from the nucleotide sequence of the VZV, EBV, HSV and HCMV genomes (Baer et al., 1984; Davison and Scott, 1986; McGeoch et al., 1985 McGeoch et al., , 1988 Chee et al., 1989a, b) and HVS sequences (Cameron et al., 1987; Gompels et al., 1988; Honess et al., 1989b ; R. W. Honess, unpublished data) using the FASTA program (Pearson & Lipman, 1988) . This method uses a score matrix based on amino acid substitutions in families of related proteins (Dayhoff et al., 1983) . Scores were calculated from the sums of matches of identical or similar residues minus a penalty for insertion of gaps necessary for maximal alignment and using a K tuple of two. Optimized scores of over 80 were selected as positive. Scores between 50 and 80 were selected as positive in cases where alignments of the short sequences identified similar conserved blocks in representative members of the herpesvirus subgroups. In comparison with other sequences in the database the mean scores ranged from 19 to 25.4 with standard deviations of 5-3 to 6.7.
Results

Nucleotide sequence analysis
Cloned restriction fragments distributed throughout the MHV-68 genome ( Fig. 1) were chosen for nucleotide sequence analysis. The sequences of 120 M13 clones were derived, and translated open reading frames screened for homologous amino acids against all possible HSV, VZV, EBV and HCMV genes and those genes of HVS which were available using the FASTA program of Pearson and Lipman (1988) . The results of screening MHV-68 sequences against representatives of the alpha-, betaand gammaherpesvirus subgroups are shown in Table 1 . Eighteen of the sequenced clones revealed homologies to genes encoded by the gammaherpesvirus EBV. Fewer homologies were found to the alphaherpesviruses HSV and VZV or the betaherpesvirus HCMV and those which were identified gave lower scores. The amino acid sequence of two open reading frames originating from EcoRI-F were deduced and designated reading frames (RF) 1 and 2. Both RF 1 and 2 were homologous to the left-most gene of EBV, the BNRF 1 reading frame, which encodes the 140000 Mr membrane antigen (Baer et al., 1984) 62  70  ---3  60  84  ---4  47  100  ---5  67  167  97  82  6  65  201  t75  187  170  7  49  92  66  69  53  8  87  240  94  855  149  9  43  100  61  64  60  10  75  203  109  111  155  11  46  109  --12  59  121  93  78  72  13  73  142  ---14  75  123  92  64~  104  15  69  124  53  60  63  16  63  115  535  62~  -17  95  336  157  160  120~  18  65  201  84  74  160 BNRF1/140000 M r membrane antigen BORF2/Ribonucleotide reductase large subunit BALF5/DNA polymerase BcLF1/Major capsid protein BVRF 1 BVRF2 BXRF1 BXLF1/Thymidine kinase BALF2/Major DNA-binding protein * The scoring system is that described by Lipman & Pearson (1985) . t no significant sequence homology. ;~ Scores obtained using a K tuple of 1.
encodes the 160000 Mr tegument protein (Cameron et al., 1987) . No obvious homologue to these genes exists in either the alphaherpesviruses VZV and HSV or the betaherpesvirus HCMV. The amino acid sequences derived from three clones originating from EcoRI-L, designated RF 3, 4 and 5, were homologous to the ribonucleotide reductase (large subunit) of EBV, a product of BORF2 (Baer et al., 1984) and the equivalent gene encoded by HVS. Only one reading frame, RF 5, detected the homologue to BORF 2 encoded by HSV and VZV. No significant homology was found to the HCMV open reading frame, UL45, which encodes a product homologous to the large subunit of the ribonucleotide reductase found in other sequenced herpesvirus genomes (Chee et al., 1989a) . Amino acid sequences derived from two clones originating from BamHI-L, designated RF 6 and 7, were more closely related to the DNA polymerase sequence of EBV than to the corresponding gene products encoded by HSV, VZV and HCMV. The amino acid sequences derived from two clones originating from BamHI-D (RF 8 and 9) and three clones originating from BamHI-C (RF 10, 11 and 12) revealed homologies to the (Fig. 1 ). Fig. 2 shows examples of similarities found by short sequence analysis of the MHV-68 BamHI-L and -D fragments, the conserved major capsid protein and DNA polymerase genes of human herpesviruses HSV, VZV, HCMV and EBV. Fig. 2(a) shows a multiple alignment of MHV-68 RF 6 and the homologous regions of the DNA polymerase genes of representative human herpesviruses. Twenty-one identical matches common to these herpesviruses were found across this conserved block of 65 amino acids. The MHV-68 RF 6 and EBV polymerase are the most closely related, having a 51 ~ identity across a 65 amino acid stretch starting at residue 794 of the EBV DNA polymerase amino acid sequence. Fig. 2(b) shows a multiple alignment of MHV-68 RF 8 and the homologous regions of the major capsid genes of representative human herpesviruses. As for the DNA polymerase gene, the start position of the alignments for the major capsid protein is similar for each virus thus highlighting the conserved nature of these proteins among different members of the herpesvirus family. Thirteen identical matches common to HSV-1, VZV, HCMV, EBV and MHV-68 were found across the 87 amino acids of RF 8, with the MHV-68 and EBV capsid sequences having the greatest similarity, with an amino acid identity of 53~.
Reading frames 13, 14, 15 and 16 derived from four clones originating from the BamHI-E fragment, were found to be homologous to the BVRF1, BVRF2, BXRF1 and BXLF1 (thymidine kinase) reading frames of EBV respectively. No significant homology was found between RF 13 and the gene homologous to BVRF1 in HSV, VZV or HCMV and in the case of RF 14 and 15 which identified BVRF 1 and BXRF 1 respectively, lower scores were obtained against the corresponding genes of HSV, VZV and HCMV. Fig. 3 shows triple alignments of MHV-68, RF 1, RF 5, RF 15 and RF 16 with BNRF1, Finally, amino acid sequences of two clones derived from the HindlII-G fragment, designated 17 and 18, showed homology to the major DNA-binding proteins of EBV, HSV, VZV and HCMV. RF 17 displays the highest FASTA similarity score of all the 18 clones which identified homologous genes in EBV (Table 1) .
CpG dinucleotide suppression of MHV-68 coding sequences
Dinucleotide frequency analysis of MHV-68 coding sequences (RFs 1 to 18) was undertaken in order to determine whether such sequences would be deficient in CpG dinucleotides, as has been documented for the gammaherpesviruses EBV and HVS (Honess et al., 1989a) . Of the MHV-68 coding sequence 3945 bp was analysed. This had an average % G + C content of 45-5 and therefore represents an intermediate value between the G+C-rich and A+T-rich gammaherpesvirus genomes represented by EBV (60% G + C) and HVS (35% G+C). Table 2 shows the degree of CpG suppression for nine coding regions in the MHV-68 genome. In each case the observed occurrence of CpG dinucleotides was less than the expected value and corresponded to a similar increase of TpG and CpA dinucleotides, an observation consistent with the mutagenic effects of DNA methylation (Bird, 1980) . In total, there was an observed 2-5-fold decrease in CpG dinucleotide frequency, similar to that recorded for HVS (Honess et al., 1989a) .
Arrangement of the MHV-68 reading frames
The order and spacing of the MHV-68 reading frames with respect to the position of their homologues in EBV and HVS are shown in Fig. 4 . The overall arrangement of these genes is similar in all three viruses. In the case of RFs 13, 14, 15 and 16 which were derived by short sequence analysis of BamHI-L and were homologous to the EBV reading frames BVRF1, BVRF2, BXRF1 and BXLF 1, the order of the reading frames within BamHI-L is not known. The position of the 140000 Mr nonglycosylated membrane antigen of EBV and its homologue in HVS and MHV-68 is at the right-hand end of the genome for each virus (see Fig. 4 ). The distance between this gene and the ribonucleotide reductase (large subunit) is more similar between MHV-68 and HVS than between MHV-68 and EBV. This is due to the presence of multiple repeats between these genes in the EBV genome. No such internal repeats exist at this position in either the MHV-68 or HVS genomes. The arrangement of genes in the gammaherpesviruses EBV and HVS relative to those of the alphaherpesviruses HSV and VZV, and the betaherpesvirus HCMV have been reported (Baer et al., 1984; Davison & Taylor, 1987; Kouzarides et al., 1987; Gompels et al., 1988; McGeoch et al., 1988; Chee et al., 1989a) and it is clear from the results of short sequence analysis of the MHV-68 genome that it has an overall genetic organization most similar to those of the gammaherpesviruses EBV and HVS.
Discussion
In order to determine the genetic relationship of MHV-68 with other well characterized members of the alpha-, beta-and gammaherpesvirus subgroups, we have undertaken short nucleotide sequence analysis of seven MHV-68 restriction fragments. Such an approach has been used previously to determine rapidly the overall conservation of gene order and genetic relatedness of the gammaherpesviruses EBV and HVS (Gompels et al., 1988), and the close genetic relationship of MDV with the alphaherpesviruses VZV and HSV (Buckmaster et al., 1988) . We have identified nine genes in MHV-68 which are homologous to the EBV BNRF1, BORF2, major capsid protein (BcLF1), DNA polymerase (BALF5), major DNA-binding protein (BALF2), BXLF1, BVRF1, BVRF2 and BXRF1 reading frames. In each case the similarity was greater to those genes encoded by the gammaherpesvirus EBV than to the equivalent genes encoded by the alphaherpesviruses HSV and VZV, or the betaherpesvirus HCMV (Table 1) . The finding that MHV-68 RFs 1 and 2 were homologous to BNRF1 of EBV and the related gene in HVS (Cameron et al., 1987) is of significance since no homologue to this gene has been identified in sequenced representatives of the alpha-and betaherpesvirus subgroups (Davison & Scott, 1986; McGeoch et al., 1988; Chee et al., 1989a) . Structurally, the MHV-68 genome consists of 118 kb of unique DNA having a 45~ G + C content flanked by variable copies of a 1.23 kb repeat unit (Efstathiou et al., 1990) . Such a structure is very similar to that of H~/S which consists of 111 kb of unique DNA of 36~ G + C flanked by variable terminal 1.44 kb repeats (Bankier et al., 1985; Stamminger et al., 1987) . Thus, both the MHV-68 and HVS genomes differ from the EBV genome which is 172 kb in length, has an average G + C content of 60~ and contains many sets of internal repeats as well as short terminal direct repeats (Baer et al., 1984) . Nonetheless, all three viruses encode closely related proteins and have a similar organization of their coding sequences (see Fig.  4 and Gompels et al., 1988) , which is distinct from the organization of homologous genes in the alphaherpesviruses VZV and HSV (McGeoch et al., 1988; Davison & McGeoch, 1986; Davison & Taylor, 1987) and HCMV (Chee et al., 1989a; Kouzarides et al., 1987) . Whether MHV-68 is more closely related to HVS than to EBV will require further large scale nucleotide sequence analysis to allow accurate comparisons to be made. However, the similarity in genome structure between MHV-68 and HVS in addition to the ability of both these viruses to replicate in a variety of fibroblastoid cell lines (Svobodova et al., 1982a; Fleckenstein & Desrosiers, 1982) suggests that MHV-68 is more similar to the 'T' celltropic HVS than to the 'B' cell-tropic EBV.
Of interest was the observation that all of the MHV-68 coding sequences analysed showed a markedly lower CpG dinucleotide frequency than would be expected from their mononucleotide compositions. Honess et al. (1989a) have shown that DNA sequences from both EBV and HVS exhibit CpG dinucleotide suppression with a corresponding increase in TpG and CpA dinucleotides and propose that this could be the result of the mutagenic effects of DNA methylation during latency in a dividing cell. In contrast, the mean observed frequencies of dinucleotides for the alphaherpesviruses HSV and VZV and all but one region from HCMV (corresponding to the major immediate early gene) are close to those expected from their mononucleotide compositions. Thus, CpG suppression appears to be a characteristic of the gammaherpesvirus subgroup and is a feature of the MHV-68 genome. One would therefore expect MHV-68 to be capable of establishing a latent infection in a dividing cell population. This important question is currently under investigation in our laboratory.
Recent genetic analyses of MDV of chickens (Buckmaster et al., 1988) underline some of the difficulties in predicting the likely biological properties of herpesviruses on the basis of genetic data alone. Although arguments can be brought forward in an attempt to resolve the apparent inconsistencies between the biological and genetic data in the case of MDV (see Introduction to this paper and Honess et al., 1989a) it is clear that our understanding of the correlation between the genetic content of herpesviruses and their biological properties is far from complete.
The genetic data presented in this report demonstrate that MHV-68 is closely related to the gammaherpesvir-uses EBV and HVS and is therefore likely to exhibit similar biological properties. The availability of a murine animal model system by which to study both acute and latent infection by MHV-68 offers a unique opportunity by which to study the pathogenesis of a naturally occurring herpesvirus of rodents which by all currently recognized genetic criteria is evolutionarily related to lymphotropic gammaherpesviruses of primates.
